Abstract
Introduction
Catheter-based electro-anatomical mapping of cardiac activation has been a clinical standard for almost two decades. In order to exclude far field potentials and signal noise from the analysis, band pass filtered bipolar electrograms are frequently used. However, there are no theoretical underpinnings for methods that define reliable markers for the underlying cellular activation in the bipolar signals [1] . In practice, signals are annotated by trained experts [2] , but various strategies for signal annotation are in use.
The aim of this study is to assess the accuracy of popular annotation strategies used in catheter-based activation mapping techniques. Computer modelling is used to compute membrane potentials (activation on cellular level) and extracellular potentials (catheter signals) for accurate comparison. The influence of electrode dimensions and filtering of the bipolar signals is included in the model to closely approximate the clinical situation.
Methods
The simulation model for this study is a simple halfellipsoid model of a left ventricle filled with blood. The simplified model is represented by the parametric equations [3] :
where
and c 2 = 6 (all dimensions are in centimetres). In the walls of the ventricle, the cardiac fibres rotate linearly with depth through an angle of 120
• anticlockwise from the epicardium to the endocardium, with the endocardial fibre offset −45
• from the positive z-axis. Electric potentials were recorded using a representation of a 7Fr mapping and ablation catheter, placed at varying locations around the ventricle, with the tip in contact with the endocardium. The probe consisted of four recording electrodes with insulating rings in between. It had a hemispherically-shaped tip and all dimensions are shown in Figure 1 . The probe was placed in contact with the endocardium, 0.6 of the distance from the base to the apex of the ventricle and oriented such that it made a 15
• angle with the positive z-axis (see Figure 2) .
To commence propagation, a 1 mm 3 region of tissue adjacent to the endocardium and placed 0.3 of the distance from the base to the apex in the x − z plane of the ventricle, was paced for 2ms with a 0.25mA/mm 3 current. Dif- ferent simulations were performed as the probe was moved around the endocardium in 30 degree increments to simulate taking measurements in different places. Potentials were recorded at the four electrodes in the probe but, from these, only one bipolar electrogram was used in this study, by taking the difference in potentials on electrodes 1 and 2.
To model propagation in the cardiac tissue, the bidomain model [4] was used. In this model, electric potentials in the intracellular and extracellular spaces, φ i and φ e , respectively, are governed by the equations
and
is the surface area to volume ratio for the cell (2000 cm −1 ), C m is the membrane capacitance (1 μF/cm 2 ) and f is is the applied stimulus in the intracellular space. The function I ion (φ m ) represents the transmembrane current, which depends on the transmembrane potential distribution and, in this case, is governed by the model of ten Tusscher et al. [5] . The matrices M i and M e are conductivity tensors, which, in general, can be written as
and h = e (extracellular). The matrix A represents the local direction of the fibres and G h is a diagonal matrix containing the longitudinal (g hl ), transverse (g ht ) and normal (g hn ) tissue conductivities along the diagonal. For these simulations, the following conductivity values were used [6] : g il = 2.4, g el = 2.4, g it = 0.35, g et = 2.0, g in = 0.08 and g en = 1.1 (all with units of mS/cm). The blood conductivity, g b , was set at 6.7 mS/cm [7] , with the conductivity of the electrodes, g , set at 1000g b and that of the insulating parts of the probe at 0.0001g b .
In the blood cavity, which includes the probe, the potential was governed by Laplace's equation:
where φ b represents the potential in the blood and φ represents the potential on the electrodes. To complete the model, a set of boundary and initial conditions was required. It was assumed that the outer surface of the model was insulated, that is
There was also continuity of potential and current between the blood and the tissue,
as well as between the blood and the electrodes
Finally, it was also assumed that the intracellular space was insulated from the blood, that is
along the endocardium. The initial condition was that the extracellular potential in the tissue and the potential in the blood mass and the probe were set to zero. The intracellular potential was set to -85mV, giving rise to a transmembrane potential in the tissue of -85 mV. Lastly, the reference potential at the origin was set to zero. The governing equations were solved using the finite volume method [8] and a forward Euler time stepping scheme [9] . Simulations were performed over a period of 700 ms with a time step of 0.02 ms for the solution of the ionic current model and 0.1 ms for the solution of the bidomain equations.
The following simulations were performed to compare catheter-based activation measurement with the true activation on cellular level. First a reference beat was simulated with no catheter included in the model. For this simulation, the reference activation time at each site at which the probe was placed was identified as the time at which the upstroke of the local transmembrane potential crossed the -30 mV level.
Next, twelve beats were simulated by rotating the catheter location in increments of 30
• azimuthal angle as described above. For each catheter location a bipolar electrogram was computed by taking the potential at electrode 1 (in contact with the tissue) minus potential at electrode 2 (adjacent to 1). Each of the twelve bipolar signals was filtered by applying a digital 10 to 200 Hz direct form II transposed Butterworth bandpass filter of order 2+2 [10] .
At each catheter location, activation was measured by annotating the filtered bipolar signals. Different annotation modes were investigated. In this study we follow closely the terminology used in [2] for defining three different annotations at each catheter location:
• peak amplitude: the annotation of the absolute minimum in the filtered bipolar potential.
• down-stroke: the annotation of the steepest negative slope in the potential.
• first peak: the annotation of the local potential maximum in the time interval between stimulation and down-stroke.
Results

Figure 3 shows two examples of bipolar electrograms at azimuthal angles of 60
• and 120
• , respectively. For the purposes of illustration, both sites are shown with the three annotations, as described above. Figure 4 shows activation time along the circular line defined by the twelve catheter locations. Activation time is depicted for all three annotations and for the reference. Early activation occurs near to the pacing point (azimuth zero). The activation wave front spreads in both directions (positive and negative azimuth) yielding latest activation in locations approximately opposite to the stimulation point. A time offset is observed for all three annotations. First peak annotations consistently yield the earliest estimates of activation time, while peak amplitude annotations yield the latest estimates of activation time.
As a consequence of these observations, in clinical application only one annotation must be used for a procedure because of the necessity of distinguishing between early and late activation. Note that in such an application a constant offset does not add any bias to the analysis. Therefore, the measures for qualitative comparison listed in Table 1 are defined such that offset does not enter the result.
From Table 1 it can be seen that the correlation between the different bipolar annotations and the reference onset of activation is highest for the first peak annotation. For the down-stroke and peak amplitude annotations the correlation is below 0.8. However, for all three correlations a p-value of less than 0.01 was obtained. • (red) and at 120
• (blue) catheter rotation angle. Both signals display large early deflections which mark local activation and smaller late deflection corresponding to repolarisation. For both traces annotations (first peak , down-stroke • and peak amplitude ) are shown. Note that for all annotations activation is earlier at 60
• compared to 120
• . In Figure 4 a decreased correlation corresponds to a shift of the activation curves to the left. For two of the annotations, the onset of activation is erroneously observed at -30
• . Also root mean square (RMS) errors (Table 1 ) between normalised annotations and normalised reference activation were computed, where normalisation is defined such that the mean activation time of all twelve locations is set to zero (elimination of offset). Again, the first peak annotation performs best, however, the RMS-errors for all three annotations were above 20 ms.
Discussion
Despite the fact that mapping of bipolar signals is a well-accepted gold standard for assessing cardiac activation, to the authors' knowledge the absolute accuracy of such methods has not been investigated thoroughly. This might be due to the fact that accurate reference activation data is not easily accessible in humans or in vivo. Computer modelling offers the possibility of accurately computing both bipolar signals and the underlying membrane activation for comparison purposes. Our simulations confirm that catheter-based mapping displays significant features of cardiac activation. Areas of early and late activation are nicely distinguished. This is reflected by statistically significant correlations between 0.75 and 0.90 (Table 1) . Furthermore, using models, the continuous spread of activation can be traced. However, the computed absolute accuracy is surprisingly poor, with RMS-errors of between 20 and 30 ms, which amount to approximately 10% of the time required for activating the ventricle. Furthermore, for two of the annotations investigated, the position of the earliest activation (potential marker for an ablation target) is translated from the true position to the neighbouring catheter location.
Our simulations indicate that the first peak annotation, using an early portion of the signal related to ventricular activation, is the best mode for annotating catheter-based maps in humans. This is in agreement with recommended clinical practice [2] , but in contradiction to theories relating down-stroke and negative amplitude to local activation [11] . This discrepancy might be explained by the fact that such theories do not consider the effect of filters needed for recording signals in a "noisy" clinical environment.
Furthermore, it is a general rule that geometrically large sensors have poor spatial resolution. Ablation catheters are difficult to design as they must perform a double function. Firstly, they deliver energy (requiring a large surface area) for controlled curative destruction of tissue, and, secondly, they measure signals (requiring smaller electrodes) for diagnostic purposes.
Our study quantifies the limited accuracy of current catheter-based activation mapping in an idealised model of the ventricle. Computed errors are surprisingly large considering that such mapping techniques are routinely used to guide catheter ablation of various types of arrhythmia. Results suggest that there is significant space for future improvement of activation mapping. This might be beneficial for improving treatment of complex types of arrhythmia.
